Abstract: This paper analyses the environmental, energy, and economic performances of the External Thermal Insulation Composite System (ETICS) using agglomerated insulation cork board (ICB) or expanded polystyrene (EPS) as insulation material applied in the energetic renovation of the building envelope during a 50-year study period. A comparison between ETICS using ICB and EPS, for the same time horizon, is also presented. The environmental balance is based on "Cradle to Cradle" (C2C) Life Cycle Assessment (LCA), focusing on the carbon footprint and consumption of nonrenewable primary energy (PE-NRe). The characteristics of these products in terms of thermal insulation, the increased energy performance provided by their installation for retrofit of the buildings' envelope, and the resulting energy savings are considered in the energy balance. The estimation of the C2C carbon and PE-NRe saved is considered in the final balance between the energy and environmental performances. ETICS with ICB is environmentally advantageous both in terms of carbon footprint and of PE-NRe. In fact, the production stage of ICB is less polluting, while EPS requires lower energy consumption to fulfil the heating and cooling needs of a flat, due to its lower U-Value, and its lower acquisition cost results in a lower C2C cost. Comparing both ETICS' alternatives with reference solutions, it was found that the latter only perform better in the economic dimension, and only for an energy consumption to fulfil less than 25% of the heating and cooling needs. This paper represents an advance to the current state-of-the-art by including all the life-cycle stages and dimensions of the LCA in the analysis of solutions for energy renovation of building envelopes.
Introduction
Currently there are a full set of renewable materials that can be used in building energy renovation, like bamboo, wood, cork, and recycled materials, among others. Although Portugal is the world's largest producer and exporter of cork-based materials, there is no local system of incentives or support programme for the application of cork (or insulation cork boards-ICB) [1] as a sustainable material that can also provide an improvement in the energy efficiency of buildings.
ICB is a renewable, 100% natural, and a fully recyclable material made from natural cork without chemical adhesives or additives that can be applied on the envelope of new and refurbished buildings to improve their energy efficiency. The thermal performance of ICB is highlighted by its low thermal conductivity (between 0.040 and 0.045 W/m· • C). The physical and mechanical properties of cork lead The application of an external thermal insulation in the building allows a reduction of the thermal bridges of the building and evens out the thermal transmission coefficient throughout the façade. This technique [3] allows savings in energy, lower risks of surface condensations, an improvement of the inner thermal comfort both in winter and summer, a reduction of the external wall's thickness, and, thus, an increase of the net inner area of the construction, a reduction of the walls' weight and of the dead loads on the building, an improvement in the façades' permeability, an easier application than other techniques, and a bigger variety of the façades' colours and textures.
The improvement of the energy efficiency of the external walls of new and refurbished buildings is ensured by the application of ETICS. As shown in Figure 1 , ETICS include [4] : Cement-based mortar to glue the ICB and even the walls surface, alkali-resistant glass fibre mesh placed over the ICB and inside the mortar, and pigmented mortar for smoothening and finishing made with modified potassium silicate in aqueous dispersion. The ICB in ETICS also has a high potential for worldwide export, supported by the European Technical Approval (ETA) already awarded to ETICS from some Portuguese suppliers.
ETICS with expanded polystyrene (EPS) is the most common solution in Portugal, namely because of its low cost and thermal conductivity (around 0.035 W/m·°C). EPS is produced from a single nonrenewable raw material (expandable polystyrene beads-oil-based) imported from a foreign country. The application of ICB is gaining momentum in Portugal and in several European countries, despite the recent use of this renewable material in ETICS.
This research study includes the comparative assessment of ETICS with ICB and EPS in terms of Environmental, Economic and Energy (3E) performance. The characterisation of the 3E performance of both construction systems when used in the energy renovation of the buildings envelope was based on reference literature, research works, data from companies, and software databases. The aim of this paper is therefore: The application of an external thermal insulation in the building allows a reduction of the thermal bridges of the building and evens out the thermal transmission coefficient throughout the façade. This technique [3] allows savings in energy, lower risks of surface condensations, an improvement of the inner thermal comfort both in winter and summer, a reduction of the external wall's thickness, and, thus, an increase of the net inner area of the construction, a reduction of the walls' weight and of the dead loads on the building, an improvement in the façades' permeability, an easier application than other techniques, and a bigger variety of the façades' colours and textures.
ETICS with expanded polystyrene (EPS) is the most common solution in Portugal, namely because of its low cost and thermal conductivity (around 0.035 W/m· • C). EPS is produced from a single nonrenewable raw material (expandable polystyrene beads-oil-based) imported from a foreign country. The application of ICB is gaining momentum in Portugal and in several European countries, despite the recent use of this renewable material in ETICS.
This research study includes the comparative assessment of ETICS with ICB and EPS in terms of Environmental, Economic and Energy (3E) performance. The characterisation of the 3E performance of both construction systems when used in the energy renovation of the buildings envelope was based on reference literature, research works, data from companies, and software databases. The aim of this paper is therefore: (a) To provide meaningful results to support decision-making in this type of interventions (b) To use an innovative method (see §2 for the knowledge gap the study that this paper aims to cover) that evaluates all dimensions of performance in all the life-cycle stages (see §4) (c) To, for the first time, use this method in the energy renovation of external walls by considering two of the most used alternatives (d) The application of this method in a model building (Hexa-see §3) that is representative of the most common construction and architecture practices in Portugal [5] The environmental performance is based on Cradle to Cradle (C2C) Life-Cycle Assessment (LCA) studies and focused on the carbon footprint and on the consumption of non-renewable primary energy of the ETICS and corresponding components. The C2C economic performance considers market prices (e.g., market acquisition cost, which includes the cost of manufacture, transportation to site, and installation) and economic savings provided by these systems when used in envelope renovation [6] .
"Gate to Grave" environmental and economic performances are characterized according to realistic scenarios for the following life-cycle stages: transportation and installation onsite, maintenance, demolition, and final disposal [6] . The energy performance considers the main thermal insulating characteristics of these systems, and the enhancement of the energy performance and corresponding energy savings resulting from their installation for renovation of the envelope.
State of The Art: Life Cycle Assessment (LCA) Studies of Buildings' Envelope
LCA studies of building envelope alternatives have been gaining momentum in the construction industry in several countries to help the assessment of solutions to improve the overall performance of the buildings envelope. This envelope is one of the most important parts of the building in terms of its 3E performance. For example, the external walls have a direct influence in that performance due to their large contribution to the envelope's whole-life cost, users comfort, initial embodied energy, and life-cycle energy consumption.
The 3E impacts of an external wall solution directly result from the properties of the materials used (e.g., thermal properties, initial embodied energy, and design and construction process). Therefore, in the design of new construction or refurbishment alternatives for building envelopes, it is very important to have a method that enables the comparison of different solutions and determines the best solution to implement in each case. In several countries, there are ongoing studies to help the development of these methods, and some of their applications are to determine the solutions that have the best performance when used in the buildings' envelope, such as the following ones:
•
The LCA of a house in Portugal was calculated considering seven alternative solutions with similar thermal performance for exterior wall, and seven different heating systems. This study included the production stage and the maintenance requirements and the heating energy for 50 years [7] . In the same country, two alternative external claddings (rendering and stone cladding) were compared in an interdisciplinary study of service life prediction and environmental LCA [8] .
In China, for an office building, five façade solutions were compared considering their economic cost, life-cycle environmental load and cost, and operational energy. Green and general payback times were also calculated [9, 10] .
In the United States of America, 12 external wall solutions were studied in terms of embodied energy and thermal performance in a building at a cold climate region [11] .
• In Australia, a study was undertaken to demonstrate the need to consider not only the life-cycle energy of the building but also that due to activities undertaken by actual users of the building, which comprise: Embodied energy in the production of building materials, building's operational energy, and consumption of energy in periodic maintenance over a 30-year study period [12] .
In India, the energy consumption demands of a residential building were evaluated considering different climates and envelopes (fired clay, concrete blocks, soil cement, fly ash, and aerated concrete) in the context of that country [13] .
• In the United Kingdom, a LCA from cradle to site of a low-energy house built using an offsite modular panels timber frame system was used to assess the emissions from materials used in construction, final transportation of the materials to site, wastage of materials on site, transportation of waste to final disposal, and nonrenewable energy used on site using the external thermal envelope as the comparison unit [14] .
In Spain, a study was made, using LCA performance over an 80-year study period, for evaluating the environmental impacts of five constructive systems for the envelope of a modular house with conventional brick, conventional brick only with polyurethane insulation and also with Phase Changing Materials (PCM), hollow brick, and hollow brick with PCM [15] .
In Italy, for a conventional house and office building, envelope solutions (with different type and width of masonry and insulating materials), facilities (heating boiler replacement), and smart systems (namely active-and passive-solar systems) were considered in the LCA performance to determine the best solution that could be applied in the construction [16] . In the same country, a low-energy building with energy generation systems was assessed using a cradle to cradle LCA in order to provide energy balances and energy and environmental payback times [17] .
In Belgium, two external wall solutions were studied via an LCA form Cradle to Grave, including the energy consumption during the use phase. A decision-support tool based on the environmental cost and quality of construction assemblies was developed and applied to this case-study of a three-floor building [18] .
In Finland, a case-study of a building was used to confirm the influence of material choice on the building sustainability, including insulation and exterior cladding. However, only the environmental and economic performance were considered, and only for the production stage [19] .
There are other cases and several methodologies being developed internationally with the purpose of optimizing the buildings performance for a more sustainable construction. The one used in this study was the 3E-C2C method developed at the Instituto Superior Técnico of University of Lisbon [6, 20] , which compares the 3E (Environmental, Energy, and Economy) performance of alternative solutions considering all stages of their life-cycles (from cradle to cradle-C2C), and allows the assessment, comparison, and selection of the best alternatives considering their whole-life cost, assessing the 3E's impacts, and considering all contributions for each life-cycle stage.
Since energy consumption is the factor that more prominently affects the environmental and economic performance of an envelope solution, some of the studies identified here only assess the energy performance using the Life-Cycle Energy Assessment (LCEA), not completing a full LCA in all dimensions of performance, and all of them are applied to new construction. Very few studies include all the life-cycle stages of the LCA, making this method and this particular study an innovation and an improvement for the 3E assessment of refurbished buildings envelopes relative to other studies of similar constructive solutions and with similar objectives.
Case Study-Insulation Cork Board (ICB)
The model building named Hexa comprises a ground floor for commerce and six residential floors [21] that is representative of the Portuguese buildings, either in constructive or in architectural practices [5] . The flat on the right in Figure 2 , located in a middle floor without buildings adjacent to the east façade, is the subject of the study. Évora was chosen as the location for Hexa in this study, in the South of Portugal.
period, not only on the lower U-value after this intervention but also on the surface (internal or external) of the external wall where the insulation is applied. In fact, the effect of a lower U-value on decreasing the energy needs for heating and cooling is maximum if the application of the insulation material is made on the external surface of this wall.
The maintenance, repair, and replacement operations of each external cladding and internal coating over the life-cycle after the renovation operation are described in Table 2 . Table 2 . Maintenance, replacement, and repair operations of the external cladding and internal coatings of the external wall solutions evaluated.
Cladding or Coating Solution
Maintenance, Repair and Replacement Operations ECS1-Adherent (water-based paint applied on a 0.02 m render) Cleaning and repainting of the whole area every 5 years; repair of 35% of the area after 25 years ECS2-ETICS ICS1-Adherent (water-based paint applied on a 0.02 m render)
Cleaning and repainting of the whole area each 5 years; repair of 5% of the area after 10 years North and South façades are the external walls of the flat that were studied. "A square metre of external wall" (being the East façade considered the same as wall W1-see Table 1 -for all alternatives) is the declared unit. The reference study period is 50 years [21] . In order to consider the energy renovation of the "Hexa" building façades with ETICS using ICB, two reference solutions without insulation were considered: One with a single-leaf hollow fired-clay bricks wall of with 0.22 m (W1) and another one with a cavity wall of the same material with two leaves of 0.15 m and 0.11 m (W8). Then, six improved solutions using ETICS with ICB were used for the single-leaf walls and six were used in the cavity walls ( Table 1 ).
E-C2C Method
The energy renovation of reference walls (W1 and W8) is important. However, the heating and cooling needs (in terms of final energy consumption) of the flat depend, in each year of the study period, not only on the lower U-value after this intervention but also on the surface (internal or external) of the external wall where the insulation is applied. In fact, the effect of a lower U-value on decreasing the energy needs for heating and cooling is maximum if the application of the insulation material is made on the external surface of this wall.
Cladding or Coating Solution
Cleaning and repainting of the whole area each 5 years; repair of 5% of the area after 10 years
E-C2C Method
An integrated approach for the assessment of the 3E's (Environmental, Energy, and Economy) life-cycle of construction assemblies or materials, closely related to a building thermal performance from cradle to cradle (3E-C2C) was used in this research study [6, 20] .
The 3E-C2C method assesses the 3E's impacts over the whole life-cycle (C2C) of a construction material or assembly. This method takes into account all the issues that can affect these solutions, such as their performance in the use phase of the building, and its service life and recycling potential as shown in Table 3 . The declared unit used in this study was "a square metre of external wall for 50 years from energy renovation (ETICS installation)," taking into account the use (including the reference service life of each solution) and end-of-life stages. A declared unit is the "quantity of a construction product for use as a reference unit" [22] . It is not possible to define a functional unit (quantified performance of a product system for use as a reference unit [22] ) because the external wall's alternatives under comparison do not have the same U-Value-see Table 1 . Using this approach, external wall solutions can be compared even with different heat transfer coefficients, because the LCA study considers: Impacts if their production depending on their thermal insulation thickness, and the environmental impacts of their thermal performance for 50 years.
The 3E-C2C method was applied in the evaluation and comparison of the 3E performance of the energy retrofit alternatives considered in this study for two reference external walls without insulation (W1 and W8-see Table 1 ). The envelope renovation is provided by the application of ETICS with ICB or with EPS, considering different thicknesses of these materials. The 3E-C2C method is firstly applied to ETICS with ICB ( §5.1, applied to the case study described in §3) and then to ETICS with EPS ( §5.2, in comparison with ETICS with ICB).
The approach used in this study is in line with international and European standards and performance labels. The environmental performance results are based in C2C LCA studies and focused on the carbon footprint (expressed by the environmental impact category "Global Warming Potential"-GWP) and on the consumption of non-renewable primary energy (PE-NRe) of the materials used on the energy renovation of the external walls. Even if the 3E-C2C method applied in this study considered all environmental categories recommended by European standards, to provide a meaningful comparison of a significant number of alternatives in the 3E dimensions of performance and in all life-cycle stages, the authors decided to present here only the results for the environmental categories most valuated by the scientific community and by the decision-makers: Carbon footprint (expressed by GWP) and embodied energy (PE-NRe). The C2C economic analysis considered market prices and the "economic savings" (cooling and heating energy) given by ETICS with ICB or EPS when used in envelope renovation of buildings [23] .
Environmental Performance
The quantification of the environmental performance of the 3E-C2C method follows the LCA standardised method [24] and the principles included in European standards [22, 25, 26] . The CML 2001 baseline Environmental Impact Assessment Method (EIAM) and corresponding environmental impact categories were used in LCA results calculation. Regarding the quality of background data: The LCA databases used (Ecoinvent and ELCD) were updated within the last 10 years, and all selected datasets imply a European average technology or a specific European country. The environmental performance of each life-cycle stage is defined by:
The LCA data of the manufacture of each construction material or product started with the corresponding Life-Cycle Inventory (LCI), mainly based on updated site-specific data from Portuguese plants, thus proving its temporal, geographical, and technological representativeness. The composition considered for each material used in ETICS with ICB and EPS was based on one of the Portuguese producers [27] . A detailed inventory analysis is not included in this paper but was already provided for both insulation materials in two other paper of the authors [1, 23] . -Construction Process Stage (A4-A5): The renovation operation corresponds to the installation of the product in the building, including: Removal of the old render and paint and corresponding transportation to waste processing and disposal, and external rendering, and insulation of the external wall with ETICS with EPS or ICB of variable thickness. -Use stage-maintenance, repair, and replacement (B2-B4): The environmental impacts of the materials for maintenance, repair, and replacement operations during the study period, including the corresponding waste flows. The impacts do not include other impacts from this operation due to their variable and unpredictable nature. -Use stage-energy performance (B6): The 3E-C2C approach determines the energy performance from the estimation of the heating and cooling energy needs during a building's operation calculated by the simplified assessment method described in Portuguese national regulations [28] [29] [30] . These needs are, in the 3E-C2C method, divided by the area of the external wall being studied to provide a value associated to the declared unit used, and allow the estimation of their environmental impacts. This value and the environmental impacts are estimated considering a residential heating and cooling model using an updated Portuguese electricity mix [31]. -End-of-life stage (C): The 3E-C2C considers the transport of the discarded product as part of the waste processing, including the transport of waste (C2), the waste processing (C3) and the waste disposal, and the physical pretreatment and management of the disposal site (C4). The environmental impacts of demolition (C1) were not considered, as they are similar for all the alternatives.
Economic Performance
The economic module of the 3E-C2C method follows the whole-life cost (WLC) approach [32] and the principles in the European standards [33] . The comparison unit between the solutions is based on the net present value (NPV) throughout the study period and considers the needs of energy for heating and cooling and the operation costs of the different substages. The NPV is estimated taking into consideration the formulas presented in Table 4 . Concerning the discount rate, this value was defined based on previous studies [34, 35] . Based on previous studies, if a lower value is used, the difference between alternatives decreases, despite the increase of the NPV for all of them. The lower the discount rate is, the greater the influence of future costs in the life-cycle costs due to an increase in the contribution of maintenance and operation stages. Table 4 . Equations (1), (2), and (3) used to determine the NPV value of each solution.
Equation Number
Equation Unit List of Abbreviations
-C n , cost in year n (€ /m 2 ); -d, real discount rate (without considering risk) applied (3%).
(2)
C n = Cev n + Cec n + Ceg n (€/declared unit) -Cev n , application of the EIAM (environmental impact assessment method) eco-costs; -Cec n , product and construction process stages economic cost; -Ceg n , using stages economic cost; For each life-cycle stage, the economic performance is defined by: -Product and construction process stages (A1-A5): The installation cost of the ETICS in the building corresponds to the renovation described in the construction process, excluding the costs of: Workmanship for the removal of the old render and paint, and scaffolding installation on the external area of the external wall. These costs were provided by: One of the Portuguese producers of ETICS with ICB, previous research studies [6, 20, 33] , construction firms, market surveys, and building materials suppliers [21] , and reference national documents [37] . -Use stage-maintenance, repair, and replacement (B2-B4): The economic cost in year "n" per m 2 of external wall includes the maintenance, repair, and replacement operations incurred in that year. -Use stage-energy cost (B6): The energy cost in year "n" per square metre of external wall corresponds to the price, considering constant prices of the heating and cooling energy calculated by the simplified assessment method described in Portuguese national regulations [28] [29] [30] . -End-of-life stage (C and D): The economic cost in year 50 per m 2 of external wall only include: costs for transport and disposal of the building assemblies; costs and/or revenues from recycle, reuse, and energy recovery [38, 39] .
Results

E Performance of External Thermal Insulation Composite System (ETICS) with ICB
Comparison of the Carbon and Energy Consumption Balances of ETICS with ICB
The results achieved in the comparison of the environmental and energy consumption balances concerning the C2C carbon footprint of the external wall alternatives, expressed through the GWP (Figure 3) , demonstrated an environmental impact of the alternatives at stages A1-A3 between 72% and 74% of the total C2C GWP, without energy for heating or cooling, and a C2-C4 and D between 1% and 3% of the total C2C GWP, without energy for heating or cooling, and directly proportional to the thickness of insulation applied. The GWP on the B2-B4 stages are similar for all alternatives, due to their equal maintenance strategy, shown in Table 2 , and represent 32% to 39% of their C2C GWP in the improved solutions and about 98% for the reference walls. The C2C consumption of PE-NRe (Figure 4 ) of the external wall alternatives expresses a performance similar to GWP. The impact at stages A1-A3 represent between 61% and 66% and at the end-of-life between −1 and 0%. The B2-B4 stages represent the remaining 98% C2C PE-NRe for the reference solution, and between 32% and 39% for the remaining solutions, without considering the energy needed for heating and cooling (in terms of final energy consumption). 
Energy Savings in Heating and Cooling of ETICS with ICB
The results achieved in the economic balance concerning the "environmental impact savings" The C2C consumption of PE-NRe (Figure 4 ) of the external wall alternatives expresses a performance similar to GWP. The impact at stages A1-A3 represent between 61% and 66% and at the end-of-life between −1 and 0%. The B2-B4 stages represent the remaining 98% C2C PE-NRe for the reference solution, and between 32% and 39% for the remaining solutions, without considering the energy needed for heating and cooling (in terms of final energy consumption).
The C2C consumption of PE-NRe (Figure 4 ) of the external wall alternatives expresses a performance similar to GWP. The impact at stages A1-A3 represent between 61% and 66% and at the end-of-life between −1 and 0%. The B2-B4 stages represent the remaining 98% C2C PE-NRe for the reference solution, and between 32% and 39% for the remaining solutions, without considering the energy needed for heating and cooling (in terms of final energy consumption). 
The results achieved in the economic balance concerning the "environmental impact savings" demonstrated that the application of the maximum thickness of ICB in ETICS (9 cm) on the external surface of these walls can result on a carbon saving from 24% to 31%. Similar results were achieved for the "environmental impact savings" of consumption of PE-NRe for the energy of heating and cooling during the study period. Thus, analysing the C2C PE-NRe and GWP with energy for heating and cooling, it was found that the alternatives with ETICS with ICB present from 14% to 26% lower impacts than reference ones.
Economic Costs and Benefits of ETICS with ICB
The results achieved for the economic balance regarding the use of ETICS with ICB show that the NPV of the C2C cost of the external wall alternatives ( Figure 5 ) is proportional to the thickness of 
Energy Savings in Heating and Cooling of ETICS with ICB
Economic Costs and Benefits of ETICS with ICB
The results achieved for the economic balance regarding the use of ETICS with ICB show that the NPV of the C2C cost of the external wall alternatives ( Figure 5 ) is proportional to the thickness of ICB applied at stages A1-A3, A4, and A5 varying from 31% to 33% and at the end-of-life with 1%. The NPV of the maintenance, repair and replacement operations (stages B2-B4) is similar for all alternatives and represents between 52% and 55% for the reference wall and 41% for the remaining solutions. The remaining contribution of the NPV is about 46% for W1 and 43% for W8 and, according to their heating and cooling needs, and represents 24% to 26% for the remaining solutions.
With the results shown in Figure 5 , one can conclude that there are no wall alternatives with ETICS with ICB that can provide any "economic savings" in comparison to the reference solutions. However, the results shown were obtained considering a consumption of energy during the B6 sub-stage to satisfy only 10% of the needs for heating and cooling (a realistic value for Portugal in the present). These "economic savings" only arise, as shown in Figure 6 , if higher values are considered to simulate future expectable scenarios for dwellings or multi-familiar residential buildings. In this figure, it is possible to conclude that, considering a consumption of energy during the B6 substage to fulfil 35% or more of the heating and cooling needs, the alternatives with 9 cm of ICB in ETICS (W7 in the single-leaf wall group) have a better performance than the reference walls. In the cavity wall group, this value has to be increased to 50% to allow another alternative with 9 cm of ICB in ETICS (W14) to be cheaper than the reference walls.
to simulate future expectable scenarios for dwellings or multi-familiar residential buildings. In this figure, it is possible to conclude that, considering a consumption of energy during the B6 substage to fulfil 35% or more of the heating and cooling needs, the alternatives with 9 cm of ICB in ETICS (W7 in the single-leaf wall group) have a better performance than the reference walls. In the cavity wall group, this value has to be increased to 50% to allow another alternative with 9 cm of ICB in ETICS (W14) to be cheaper than the reference walls. to simulate future expectable scenarios for dwellings or multi-familiar residential buildings. In this figure, it is possible to conclude that, considering a consumption of energy during the B6 substage to fulfil 35% or more of the heating and cooling needs, the alternatives with 9 cm of ICB in ETICS (W7 in the single-leaf wall group) have a better performance than the reference walls. In the cavity wall group, this value has to be increased to 50% to allow another alternative with 9 cm of ICB in ETICS (W14) to be cheaper than the reference walls. 
Comparative 3E Performance of ETICS with ICB and Expanded Polystyrene (EPS)
In this section, in order to compare the energy renovation of the "Hexa" building façades with ETICS using EPS or ICB, the same two reference solutions presented before (W1 and W8) were considered. Then, six previously studied solutions using ETICS with ICB (W4, W6, W7, W11, W13, W14) and six new using ETICS with EPS (WE4, WE6, WE7, WE11, WE13, WE14) were compared (Table 5 ). The study parameters used for the comparison of the 3E performance of all these solutions are the same as the ones described in §4.
The comparison presented in this section is made between improved solutions with the same thickness of insulation in both construction systems and solutions with the same U-value, even though the difference between U-values of solutions with the same thickness of EPS or ICB is lower than 10%.
The comparison of the energy performance considered the main thermal insulating characteristics of ETICS with EPS or with ICB as insulating material, including the improvements in the energy performance of the building's envelope after its installation for retrofitting and the corresponding energy savings. Because of ongoing changes in building occupancy and in the comfort demands that led to a higher consumption of energy by heating and cooling equipment, it was considered: -
The default scenario-10% of the energy needs, according with national regulation. -Higher values-30% and 50%, which simulate future expectable scenarios for dwellings or multi-familiar residential buildings [40] . In fact, both values were used in previous studies [34, 41] because telecommuting is each day more frequent, and elderly people also stay at home most of the day, which means that energy needs for residential buildings can be estimated based on the use of heating or cooling equipment for much more than the 10% of daytime prescribed in the national regulation.
Comparison of the Carbon and Energy Consumption Balances of ETICS with ICB or EPS Boards
The importance of the use of local renewable resources in buildings for energy renovation is highlighted by this study, namely the application of ETICS with ICB as external rendering and insulation of external walls as an alternative to the application of the same system with a non-renewable material as insulating material (EPS). This section presents the results achieved in terms of the comparison of the environmental and energy consumption balances related to the application of the 3E-C2C method to the use of these construction systems in 12 of the 14 external alternatives defined for this study.
The results achieved in the comparison of the C2C carbon footprint of the external wall alternatives, expressed by the GWP (Figure 7) , demonstrated an environmental advantage of the alternatives with ETICS with ICB at stages A1-A3 between 29% and 54% (without energy for heating or cooling) when compared to solutions with similar thickness using EPS. In fact, this difference is proportional to the thickness of the insulation board applied on the external surface. This environmental disadvantage results from the use of nonrenewable resources in the production of EPS. The GWP on the B2-B4 stages are similar for all alternatives, due to their equal maintenance strategy (Table 2 ) and represents between 23% and 39% of their C2C GWP, without considering the energy consumption for heating and cooling.
The C2C consumption of PE-NRe (Figure 8 ) expresses a performance similar to GWP. In fact, the environmental advantages of the ETICS with ICB insulation at stages A1-A3 in comparison to EPS solution is also proportional to the thickness of the insulation board applied and can vary from 44% to 78%, thus confirming the environmental advantage of using renewable materials in the production of the insulating element. The C2C consumption of PE-NRe ( Figure 8 ) expresses a performance similar to GWP. In fact, the environmental advantages of the ETICS with ICB insulation at stages A1-A3 in comparison to EPS solution is also proportional to the thickness of the insulation board applied and can vary from 44% to 78%, thus confirming the environmental advantage of using renewable materials in the production of the insulating element.
defined for this study.
The results achieved in the comparison of the C2C carbon footprint of the external wall alternatives, expressed by the GWP (Figure 7 
results from the use of nonrenewable resources in the production of EPS. The GWP on the B2-B4 stages are similar for all alternatives, due to their equal maintenance strategy (Table 2) and represents between 23% and 39% of their C2C GWP, without considering the energy consumption for heating and cooling.
The C2C consumption of PE-NRe ( Figure 8 ) expresses a performance similar to GWP. In fact, the environmental advantages of the ETICS with ICB insulation at stages A1-A3 in comparison to EPS solution is also proportional to the thickness of the insulation board applied and can vary from 44% to 78%, thus confirming the environmental advantage of using renewable materials in the production of the insulating element. 
Comparison of the Energy Savings in Heating and Cooling of ETICS with ICB or EPS
The results achieved in the comparison of the economic balance concerning the "environmental impact savings" demonstrate that the use of the maximum thickness (9 cm) of insulation in ETICS with ICB or EPS on the external surface of these walls can result in a carbon saving in comparison with the reference alternatives, from 24% to 31%. Similar results were achieved for the "environmental impact savings" of consumption of PE-NRe for the energy of heating and cooling during the study period. Thus, analysing the C2C PE-NRe and GWP with energy for heating and cooling, it was found that the alternatives with ETICS with ICB or EPS present from 13% to 26% lower impacts than reference ones.
These "environmental impact and economic savings" during the B6 substage are expressed in this study per m 2 of the external wall of the flat chosen, but the corresponding savings provided by the implementation of this energy renovation in Portugal or in other countries can be extrapolated depending on the thermal performance characteristics of the majority of existing buildings.
Comparison of the Economic Costs and Benefits of ETICS with ICB or EPS
The results achieved in the comparison of the economic balance concerning the NPV of the C2C cost of the external wall alternatives (Figure 9) show that the use of EPS in ETICS provides a saving in the acquisition costs at stages A1-A3, A4 and A5 varying from 28% to 30%. When analysing the NPV of the C2C cost, this value is reduced due to the significance of the maintenance and energy costs, but it still reveals an economic advantage of using EPS in ETICS due to its lower market cost when compared with ICB. With the results from Figure 9 , it is also possible to conclude that none of the wall alternatives where ETICS with ICB or with EPS were applied provide any "economic savings" in comparison to the reference solutions. However, the results shown were obtained considering a consumption of energy corresponding only to 10% of the needs for heating and cooling during the B6 substage. If higher values (35% and 50%) are used to simulate future expectable scenarios for dwellings or multi-familiar residential buildings, these "economic savings" become more significant. In fact, Figure 10 demonstrates that the alternatives with 9 cm of ICB in ETICS have a better performance than the reference walls from an energy consumption point of view to fulfil 35% (W7 in the single-leaf wall group) or 50% (W14 in the cavity wall group) of the heating and cooling needs. For a consumption value of 25%, the alternative of ETICS with 9 cm of EPS (WE7) becomes the best alternative in the single-leaf wall group. In the cavity wall group the WE14 solution (also with 9 cm of EPS) becomes the best alternative only for a consumption pattern of 35%. Nevertheless, the alternatives with ICB in ETICS always present a higher NPV of the C2C cost than the ones with EPS independently of the consumption pattern that is considered for the use stage, because of the higher acquisition cost and U-value for the same thickness of insulation. 
Discussion and Conclusions
The results of this study show that external wall alternatives of ETICS with ICB are environmentally advantageous when producing the construction materials used, in terms of the categories "Global Warming Potential" (GWP) and consumption of nonrenewable primary energy (PE-NRe) in comparison with the same solution with EPS.
If ETICS with ICB and with EPS are compared considering the same thickness, the EPS solution requires lower energy consumption to fulfil the heating and cooling needs of the flat due to its lower U-Value. This solution always presents a lower "Cradle to Cradle" (C2C) cost because of its lower Figure 11 . Difference between the NPV of the economic (A1-A5, B2-B4 and C2-C4 and D stages) and energy (B6 substage) costs of each external wall alternative renovated and the NPV of W1, considering different consumption patterns for the use stage (guaranteeing 10%, 25% or 35% or 50% of the energy needs) and considering the corresponding U-values.
If ETICS with ICB and with EPS are compared considering the same thickness, the EPS solution requires lower energy consumption to fulfil the heating and cooling needs of the flat due to its lower U-Value. This solution always presents a lower "Cradle to Cradle" (C2C) cost because of its lower acquisition cost.
If two solutions with similar U-values are compared (but with different thicknesses, since the ICB boards require a bigger thickness due to the higher thermal transmittance), the consumption of energy to satisfy the heating and cooling needs is almost the same, but their acquisition cost and the energy and resources necessary for the production of their materials are different. Due to the higher cost of ICB, the EPS solution always presents a lower net present value (NPV).
The 3E-C2C analysis showed that reference alternatives only perform better in the economic dimension, and only for an energy consumption to fulfil less than 25% of the heating and cooling needs. Therefore, to provide more specific support for decision-making, Tables 6 and 7 present, respectively, single-leaf and cavity external wall solutions with the best performance (in each dimension and life-cycle stage), without considering the reference walls. When comparing the cavity wall solutions, it was found that solution W9 presents the best environmental performance if energy use for heating and cooling is not considered (Table 7) . When taking into consideration the energy used for heating and cooling, the best environmental performance is shown by W14. For energy needs higher than 10%, the most economical solution is WE14.
The research presented in this paper provides an advance to current state of art by including all the life-cycle stages and dimensions of the LCA in the analysis of solutions for energy renovation of building envelopes. The analysis presented here can be replicated in other solutions for thermal insulation of the building's envelope, or similar solutions applied in other buildings or weather conditions (namely other countries). Moreover, the conclusions reached show thermal retrofitting has environmental benefits and that environmentally sustainable materials need to be more frequently used in construction. In fact, the environmental advantage of the latter is already known and proved, but they are still expensive. Therefore, a scale effect on their use can promote a decrease in price, making them more competitive in the construction market, or the public financing or the thermal retrofit interventions could include environmental sustainability requirements to reach similar benefits. Table 6 . Single-leaf external wall solution with the best performance, without considering the reference wall (the colour of each row depends on the best performing solution for each indicator: Brown for ICB and blue for EPS). When comparing the single-leaf external wall solutions in the study, it was found that W2 presents the best environmental performance, if energy use for heating and cooling is not considered (Table 6) . At the same time, when taking into consideration the energy used for heating and cooling, W7 shows the best environmental performance. The most economical solution is WE7 for energy needs higher than 10%.
When comparing the cavity wall solutions, it was found that solution W9 presents the best environmental performance if energy use for heating and cooling is not considered (Table 7) . When taking into consideration the energy used for heating and cooling, the best environmental performance is shown by W14. For energy needs higher than 10%, the most economical solution is WE14.
The research presented in this paper provides an advance to current state of art by including all the life-cycle stages and dimensions of the LCA in the analysis of solutions for energy renovation of building envelopes. The analysis presented here can be replicated in other solutions for thermal insulation of the building's envelope, or similar solutions applied in other buildings or weather conditions (namely other countries). Moreover, the conclusions reached show thermal retrofitting has environmental benefits and that environmentally sustainable materials need to be more frequently used in construction. In fact, the environmental advantage of the latter is already known and proved, but they are still expensive. Therefore, a scale effect on their use can promote a decrease in price, making them more competitive in the construction market, or the public financing or the thermal retrofit interventions could include environmental sustainability requirements to reach similar benefits.
